INTRODUCTION
Plasmodium vivax is responsible for about 20% of the global malaria cases and more than half (56%) of the nonAfrican malarial infections. Indeed, P. vivax has reemerged in many regions of the world where malaria was eliminated in the 1950-60s with 70-80 million cases per year and 2.6 billion people at risk of infection.
1, 2 Given its broad distribution, P. vivax co-exists with Plasmodium falciparum and in minor proportion with P. malariae . 3, 4 Regardless, the progress achieved in the development of a vaccine against P. falciparum, there is paucity of suitable vaccine candidates against P. vivax , with only two antigens currently under evaluation in human clinical trials and a few others in preclinical evaluation. [2] [3] [4] [5] [6] The understandable bias in research effort toward P. falciparum, however, hampers our ability of developing a vaccine that can be effectively deployed against malaria outside Africa where these two parasites coexist.
We previously defined the Pv 200L fragment of Pv MSP-1, located toward the N-terminal end of the 83 kDa domain ( Figure 1 ), as a P. vivax potential subunit vaccine based on several features of the protein. The Pv 200L has significant homology to Pf 190L, a well-defined P. falciparum vaccine candidate, [7] [8] [9] and a Pv 200L recombinant protein produced in Escherichia coli , displayed a high level of antigenicity in humans. Additionally, this protein fragment showed good immunogenicity in mice and primates, and the capacity to induce partial protection against a P. vivax blood-stage challenge in Aotus monkeys. 7 The Pv 200L fragment includes the entire blocks 2, 3, and 4, plus segments of blocks 1 and 5 of the Pv MSP-1. 10 Genetic polymorphism studies in P. vivax isolates have shown that blocks 1, 3, and 5 are conserved at the protein level and display a few dimorphic substitutions. Blocks 2 and 4 are the most variable, both in size and sequence, with basic and recombinant block types generated by intra-and inter-allelic recombination events. 11 Here, we describe the polymorphism of the Pv 200L gene fragment and its inferred amino acid sequence in 26 P. vivax clinical isolates from Buenaventura, a malaria-endemic area located on the southern Pacific coast of Colombia. 4 We also examined 42 Pv 200L fragments from Pv MSP-1 sequences previously reported in GenBank and describe the phylogenetic analysis of all sequences. 30 sec at 94°C, 60 sec at 55°C, and 60 sec at 72°C. The PCR products (1-1.2 Kb) were ligated to pCR4-TOPO (Invitrogen, Carlsbad, CA) according to manufacturer instructions, and then used to transform chemically competent E. coli One-Shot (Invitrogen). Kanamycin-resistant clones were confirmed by restriction enzyme analysis with Eco RI (Fermentas, Hanover, MD). We sequenced only one clone per isolate. Sequencing was performed with BigDye Terminator version 3.1 kit and the M14 forward and reverse primers in an ABI-PRISM AVANT 3100 sequencer (Applied Biosystems, Foster City, CA). Every run was performed a minimum of two times and repeated as much as needed to obtain quality values > 20 (< 4 Ns/20 bases, < 10% Ns, and maximum percent of mixed bases = 20.0%) as assessed with SeqScape Software (Applied Biosystems).
Sequences, sequence alignment, and statistical analysis. We analyzed the 26 Pv 200L gene sequences from the Colombian Pacific coast, and the 42 Pv 200L fragments from Pv MSP-1 sequences available in GenBank, accession numbers: AF435593-AF435599, AF435601-AF435620, AF435622-AF435625, AF435627, AF435629-AF435632, and AF435634-AF435639 (October 2006). 10 These GenBank sequences were collectively named as non-Colombian. Sequences were aligned using CLUSTAL X2, 15 and the alignment was used to calculate nucleotide diversity (π ± SE) with MEGA 4.0 using the JukesCantor model and retaining all gaps. 16 The π value obtained for Pv 200L and each block was submitted to one-way analysis of variance statistical analysis. DNA polymorphism was analyzed with DnaSP 4.10 with a sliding window of 100 bases and a step size of 20 bases for a haploid genome. 17 To determine the influence of geographical origin of the isolates on nucleotide diversity and DNA polymorphism, we performed the same analysis for groups of GenBank sequences from Thailand (20 isolates) and Brazil (8 isolates). The output data were exported to STATA 8.0 (Stata Corp., College Station, TX) to plot overlapping π curves with standardized scales for the different groups. Boundaries of conserved and variable blocks were determined from nucleotide sequence homology, as previously reported. 10 Subsequently, π and its standard error were computed for each block. The number of synonymous (d S ) and non-synonymous (d N ) substitutions was estimated for each block, to avoid bias caused by size polymorphisms, by Nei and Gojobori's method with the Jukes-Cantor correction in MEGA 4.0. [18] [19] [20] We estimated the difference between Ds an Dn and its standard deviation was calculated using bootstrap with 500 pseudo-replications for Ds and Dn, and two-tail Z-test on the difference between Ds and Dn. 21 The null hypothesis is that Ds = Dn; thus, we assumed as null hypothesis that the observed polymorphism was neutral. In silico translated DNA sequences were used to identify the types of variable blocks (2 and 4), as previously defined, 10 and point mutations in conserved blocks. Alleles were identified by the specific combination of variable block types as proposed by Putaporntip and others.
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Phylogenetics and epitope conservation analysis. The distances of the P. vivax isolates were inferred from phylogenetic analysis of the translated Pv 200L sequences using MEGA 4.0. Because of size polymorphism in variable blocks, distances were calculated only with sequence alignments of conserved edited-joined blocks 1, 3, and 5. Trees were constructed using the neighbor-joining (NJ) method, excluding gaps by pairwise deletion, with the Kimura p-distance model. 22 The reliability of the trees was assessed by the bootstrap method with 1,000 pseudo-replications. Phylogenetic analysis was performed with the 26 Colombian sequences and the 42 sequences available in GenBank. Complementary analyses to determine genetic divergences was performed using the Fstat program (Fst). Finally, we determined the conservation pattern of previously defined promiscuous T-helper epitopes contained in the Pv 200L fragment. 23 To this purpose we constructed multiple sequence alignments with the 68 Pv 200L available sequences and then realigned the T-helper epitope sequences in CLUSTAL X2.
RESULTS

Geographical origin of Colombian isolates.
The Pv 200L gene fragment was sequenced and analyzed in a total of 26 isolates from the Colombian Pacific coast obtained from P. vivax -infected patients. Eighteen (69.2%) of the isolates were collected from patients who preferred to live in rural areas of Buenaventura ( Table 1 ). The majority of rural isolates were from La Delfina and San Cipriano villages. The urban isolates were predominantly from Commune 12, of Buenaventura town. This commune is the closest community to the humid rain forests in the Pacific coast. Nucleotide diversity. We found a nucleotide diversity value of 0.088 ± 0.006 for the Pv 200L gene fragment for all the isolates, including Colombian and non-Colombian ( Table 2 ) . Such π value was significantly lower in the Colombian group than in either Thai or Brazilian subgroups of sequences. The highest contribution for nucleotide diversity was observed in the Brazilian group followed by the Thai group. As expected, the variable blocks 2 and 4 had the highest π values across all of the groups. Block 2 from Colombian isolates had a significantly lower π value than Thai and Brazilian isolates ( Figure 1 and Table 2 ); whereas Thai sequences displayed the lowest π value for block 4. Regarding conserved blocks 1, 3, and 5, all of them displayed the expected conservation. In the case of block 1, the nucleotide diversity was significantly lower in the Colombian isolates than in the Thai and Brazilian ones. Although block 3 had also the lowest π value in the Colombian parasites, the difference was not statistically significant. Conserved block 5 displayed π values below 0.040 in all isolates, with the lowest diversity in the Brazilian isolates ( Table 2 ) .
Synonymous and non-synonymous substitutions. As expected, the d N value was higher in blocks 2 and 4 ( Table 3 ) ; however, the value was only significant in block 2 . This was true for each country and the combined sample. The d S value was significantly higher than d N for blocks 1 and 5 using the Z-test, indicating that some blocks involved in this fragment could be under negative selection.
Non-synonymous substitutions in conserved blocks of Colombian isolates. We found a total of 26 dimorphic substitutions across conserved blocks 1, 3, and 5, and seven of them are newly identified ( Table 4 ) . Some substitutions were consistently linked within isolates, such as SC84, SC93, SC1, and Co68, most of them collected from inhabitants from San Cipriano village, which shared four dimorphic substitutions, and isolates D61 and B74 that shared five dimorphic sub- Characteristically, only isolate SC92 had seven out of nine of the dimorphic substitutions identified for block 5 ( Table 4 ) . Variable blocks classification in Colombian isolates. Results were consistent with previously reported data. 10 We identi fied six block 2a types (four basic and two recombinants), four block 2b types (three previously reported and a new one), five block 2c types (two basic and three recombinants), and four block 4 types (three basic and one recombinant) ( Table 5 ). The new block 2b type named by us as type 20, had an extra insertion of the tandem repeat GSSNS in the SC92 isolate. Additionally, seven isolates shared the P/S substitution in block 2c type 3. These last two findings helped to identify the two new alleles reported here (see below). Several new substitutions were identified in each block. Interestingly, the recombinant types identified contained fragments from basic types previously reported but not detected in the 26 Colombian isolates (see supplemental data).
Allelic distribution. The variable blocks included in the Pv 200L fragment allowed us to classify the isolates in 12 potential alleles pooled in seven groups. Alleles are presented in groups because the definite allele needs of other variable blocks are not included in the Pv 200L fragment ( Table 6 ). We found two non-previously described alleles, which we have designated as 32 and 33, to continue with the nomenclature proposed previously. 10 Allele 32 was designed as a new allele because the block 2b type 20 and only isolate SC92 had it. The reason why allele 33 was considered as new is because its mosaic organization of variable blocks 2 (a, b, and c) and 4 have not been previously described. A total of seven of the isolates (26.9%) were classified as allele 32 and all shared the dimorphic substitution P/S in the block 2c ( Table 6 ). The majority of isolates (38.5%) were grouped as allele 6 or 20, meanwhile the isolate SC1 that is being used to develop a vaccine candidate was the third most frequent (11%).
Phylogenetic analysis. The NJ tree, created with distances between amino acid sequences of conserved blocks, showed that the 26 Colombian isolates clustered in agreement with the allele distribution, which was determined with the specific combination of variable blocks ( Figure 2A ) . The isolate SC1 clustered with the isolates SC84 and SC93, all of them collected from inhabitants of San Cipriano village. The NJ tree created with the 68 Pv 200L sequences showed that there is a slight trend to cluster in agreement with the geographical origin ( Figure 2B ), being more evident for the isolates from Colombia (COL), South Korea (SK), and Bangladesh (BD). Brazil (B) and Thailand (T) isolates displayed a more promiscuous clustering. The isolate SC92, collected from San Cipriano village, was the most distant of Colombian isolates, and clustered fairly close to Asian sequences ( Figure 2B ) . A complementary analyses with Fst among Colombian, Brazilian, and Thai isolates revealed that there is a strong geographic structure; however, the lowest divergence (Fst = 0.06453) was observed between Brazilian and Thailand isolates, whereas Colombian isolates were clearly divergent (Fst = 0.1676 with Thailand and Fst = 0.2437 with Brazil).
Epitope conservation analysis. At least five different T-helper epitopes have been previously defined toward the N-terminal portion of Pv MSP-1, and four of them are included within the Pv 200L fragment. 23 All of them showed a high conservation pattern along the 68 Pv 200L amino acid sequences ( Table 7 ) . 
DISCUSSION
As expected, the Pv 200L fragment of Pv MSP-1 showed to be polymorphic in sequence and in size, which resembles very well the mosaic structure previously described by others, with a polymorphism greatly concentrated in fragments 2 and 4, surrounded by the well-conserved blocks 1, 3, and 5. 10 However, regardless of this polymorphism, there is some evidence of purifying selection. Although this study focused only in the Pv 200L fragment, our results may indicate a more complex dynamic of selection acting on the Pv MSP-1 polymorphism than previously thought. 24 The overall nucleotide polymorphism and the genetic diversity found in the isolates from the Colombian Pacific coast was substantially lower than in those from Thailand and Brazil, probably due in part to the lower/ seasonal transmission and geographic isolation. Most malaria cases studied here occur in close rural communities with high internal mobility but low foreign influence from potentially P. vivax -infected international travelers. This geographic isolation also could explain the pattern of Fst. However, presence of imported parasites cannot be completely excluded. SC92 was the most distant Colombian isolate; it clusters with Asian sequences, and is a non-previously described allele. These observations might indicate the introduction of Pv MSP-1 alleles from Asian P. vivax . This possibility is not extraordinary given that Buenaventura is the main entrance for most of the Colombian market arriving through the Pacific Ocean. Inter-and intra-allelic recombination can be observed among the Colombian isolates, a factor that can be attributable to the active internal migration of P. vivax -infected patients and multiplicity of infection within the study area, which might be also the explanation why there is a low correlation between Colombian alleles and the geographical origin.
The distribution of Colombian isolates in the NJ tree resembled very well the allele groups identified. The former was built based exclusively in conserved blocks 1, 3, and 5; meanwhile, the allele is defined exclusively in the specific combination of variables blocks 2a, 2b, 2c, and 4. Such a specific combination of variable blocks (allele), in some cases, was associated with specific dimorphic substitution observed in conserved residues of either variable or conserved blocks. For example, 1) all isolates having the block 2c basic 3 with the substitution P/S in the fourth position were finally classified as being allele 33, meanwhile the remaining basic 3 (without the P/S) substitution were classified as alleles 6 or 20; and 2) a similar effect was observed with isolates D61 and B74, which always matched together for variable block 2a-c and shared nine exclusively linked dimorphic substitutions, five of them in conserved block 1 and four in variable block 4. Despite no clear geographical relationship, the similarity between them is so strong that it is possible to propose that the isolate from Buenaventura (B74), where malaria transmission does not occur, was acquired in La Delfina (D61), which is a near rural spot for local tourism with active malaria transmission. Several non-previously described dimorphic substitutions and two new alleles were found suggesting that Pv 200L from Pv MSP-1 is under evolutionary forces non-equally distributed along the whole fragment. Such evolutionary forces, which might be related to the immune response, may have generated these new alleles by selecting new combinations generated by mitotic recombination in the asexual blood stages.
Besides the presence of highly conserved fragments in this protein, several other factors indicate that this protein could be a suitable target for a vaccine: First, this protein is highly antigenic as indicated by its recognition by the great majority of individuals from endemic communities in Brazil and Colombia. 7 Second, it has been demonstrated that naturally acquired IgG antibodies directed to the N-terminal region of Pv MSP-1 are associated with clinical protection to P. vivaxmalaria. 25 Third, previously defined promiscuous T-helper epitopes are located at highly conserved portions of Pv 200L and displayed a high conservation pattern across the 68 sequences of Pv 200L. This is the first study of Pv 200L polymorphism in Colombia. Although the number of isolates is limited, this is the Pv MSP-1 polymorphism study with the highest number of P. vivax isolates from the same geographic origin. Such an approach has allowed us to confirm the mosaic structure of Pv MSP-1 and its inter-and intra-allelic recombinant nature, to illustrate its specific association with dimorphic substitutions in conserved blocks, and describe the wide geographic distribution of highly conserved epitopes, despite the high level of polymorphism in this fragment. Further studies with a larger number of isolates from other endemic regions of the country and the planet would be required to assess genetic diversity with greater accuracy, linkage disequilibrium, and population structure. The presence of highly conserved blocks in this fragment of the P. vivax MSP-1 protein has important implications for the development of Pv 200L as a subunit vaccine candidate. * ******** ***** PvT6 FNQLMHVINFHYDLLRAKLH ******************** PvT8 LDMLKKVVLGLYRPLDNIKD ******************** PvT19 LEYYLREKAKMAGTLIIPES **************** :*** § As reported by Caro-Aguilar and others. 23 Asterisk stands for 100% conserved residue across 68 sequences analyzed.
